Admixture resulting from natural dispersal processes can potentially generate novel phenotypic variation that may facilitate persistence in changing environments or result in the loss of population-specific adaptations. Yet, under the US Endangered Species Act, policy is limited for management of individuals whose ancestry includes a protected taxon; therefore, they are generally not protected under the Act. This issue is exemplified by the recently re-established grey wolves of the Pacific Northwest states of Washington and Oregon, USA. This population was likely founded by two phenotypically and genetically distinct wolf ecotypes: Northern Rocky Mountain (NRM) forest and coastal rainforest. The latter is considered potentially threatened in southeast Alaska and thus the source of migrants may affect plans for their protection. To assess the genetic source of the re-established population, we sequenced a~300 bp portion of the mitochondrial control region and~5 Mbp of the nuclear genome. Genetic analysis revealed that the Washington wolves share ancestry with both wolf ecotypes, whereas the Oregon population shares ancestry with NRM forest wolves only. Using ecological niche modelling, we found that the Pacific Northwest states contain environments suitable for each ecotype, with wolf packs established in both environmental types. Continued migration from coastal rainforest and NRM forest source populations may increase the genetic diversity of the Pacific Northwest population. However, this admixed population challenges traditional management regimes given that admixture occurs between an adaptively distinct ecotype and a more abundant reintroduced interior form. Our results emphasize the need for a more precise US policy to address the general problem of admixture in the management of endangered species, subspecies, and distinct population segments.
Introduction
A complication for the conservation of rare and endangered species is the level of protection for admixed populations. Current policy and management protocols favour the biological species concept, where speciation is defined as descent with modification in a reproductively isolated lineage (Dobzhansky 1935; Mayr 1947) , and lack guidelines with regards to admixed populations (reviewed in Jackiw et al. 2015) . Consequently, adequate protection may not be granted to taxa that experience a high frequency of gene flow and introgression over the course of their evolutionary histories (Rhymer and Simberloff 1996) . Yet, gene flow across species and populations is a natural phenomenon that happens often and may be critical for evolutionary processes (reviewed in Slatkin 1987; Twyford and Ennos 2012; Abbott et al. 2013) . Natural admixture allows for the preservation of the historical genetic connectivity between populations. Although admixture may result in the loss of population specific adaptations (e.g. Rhymer and Simberloff 1996; Muhlfeld et al. 2009 ), it may also provide the genetic variation on which selection can act (e.g., Smith et al. 1997b; Hedrick 2013) . If admixture provides genetic variation, it may be as important to maintaining adaptive potential, the capacity for future evolutionary change, as evolution by natural selection or genetic drift within reproductively isolated lineages (Arnold 2016; vonHoldt et al. 2017) . This concept of species as fixed entities with complete reproductive isolation is currently used in many cases of species management. However, the "web-of-life" (WOL) framework is a more realistic concept that acknowledges that horizontal gene transfer through hybridization, introgression and reticulate evolution is prevalent in some systems (Arnold and Fogarty 2009) . Therefore, this framework includes adaptive potential by protecting genomic and phenotypic diversity, ecological function and resilience and does not preclude an individual, population or species from protection due to natural admixture (Arnold 2016; vonHoldt et al. 2017) .
Appropriate management and protection of natural recolonized and admixed populations involving an endangered source is a critical challenge that requires case-bycase solutions (Allendorf et al. 2001; vonHoldt et al. 2017) . Each context requires the initial detection and identification of hybrid individuals, which is not a trivial task (Allendorf et al. 2001) . Recent advances in high-throughput genomic resources have greatly increased our ability to detect and characterize admixture in hybrid populations (Allendorf et al. 2010; Hohenlohe et al. 2011; vonHoldt et al. 2013; Abbott et al. 2016; Wayne and Shaffer 2016) and provide evidence of natural movement of genetic variation across populations and species (the WOL framework; vonHoldt et al. 2017) . Once the occurrence of natural admixture is established, two questions should be answered before management decisions are made, as suggested by Wayne and Shaffer (2016) . First, do admixed individuals perform ecosystem functions and services that are similar to those performed by the endangered entity? Second, would habitat restoration for the native endangered entity enable natural selection to increase the proportion of genetic variants characteristic of the native endangered entity (Wayne and Shaffer 2016) ? These questions as well as the WOL framework establish an inclusive foundation for the management of admixed populations in the light of evolutionary and ecological principles.
One case of natural admixture that may highlight the importance of the WOL framework is that of the North American grey wolf (Canis lupus). The natural recolonization of previously extirpated populations of large carnivores is rare but has been documented in wolves in North America and Europe (Chapron et al. 2014) . Historically, wolves were common in the Pacific Northwest (PNW) region of North America (Bailey 1936; Young and Goldman 1944) but were extirpated in the US portion by the mid-1930s (Bailey 1936; Verts and Carraway 1998) . Wolves naturally re-colonized northwest Montana (MT), USA, from Alberta (AB) and British Columbia (BC), Canada, in the mid-1980s (Boyd et al. 1995) . More recently, wolves naturally re-colonized the states of Oregon (OR) and Washington (WA), USA, and as of 2015, 13 and 18 packs inhabit those states, respectively. Given that individuals disperse an average of 50-100 km or up to several hundred kilometres before establishing territories (Mech 1970; Fritts 1983; Merrill and Mech 2000; Jimenez et al. 2017) , these re-established wolves in OR and WA are suspected to be migrants from adjacent wolf populations that consist of two ecotypes, the coastal (referred to as rainforest wolves in some previous studies) and the Northern Rocky Mountain forest (NRM) populations. These two ecotypes represent locally adapted and specialized wolves with respect to den-site use, foraging habits, physiology and prey specialization (Fritts et al. 1995; Mladenoff et al. 1995; Paquet et al. 1996; Mladenoff et al. 1997; Mladenoff and Sickley 1998; Haight et al. 1998; Mladenoff et al. 1999; Callaghan 2002) and exhibit environmentally driven genetic differences between coastal and NRM populations (Weckworth et al. 2005; Muñoz Fuentes et al. 2009; Weckworth et al. 2011; Schweizer et al. 2016a, b) . Previous studies aimed at identifying ecotype-specific selection in NRM and coastal wolves found multiple signals of selection on genes related to dentition, diet, metabolism, musculature, organismal system, skeletal morphology and vision (Schweizer et al. 2016a, b) . Furthermore, the coastal wolf population often has high allelic differentiation from all other populations, especially for candidate single-nucleotide polymorphisms (SNPs) under selection (Schweizer et al. 2016a, b) .
The origins of some of the WA and OR population are from geographically proximate NRM wolves that in turn derive from wolves reintroduced to Idaho (ID) from northern, interior BC and AB as well as the naturally re-established wolves from MT (Jimenez et al. 2017) . However, it is unknown if immigration, territory establishment and subsequent breeding of coastal wolves in the PNW has also occurred. At least two important questions currently remain unresolved: (1) is genetic admixture between divergent lineages (ecotypes) occurring in the re-established PNW population?; and (2) can the habitat of PNW region support these two ecotypes in a potential admixture zone?
Any potential admixture may have conservation implications for the wolves of the PNW region. Coastal wolves comprise genetically contiguous populations in coastal BC and the Alexander Archipelago in southeast Alaska (AK, USA; Weckworth et al. 2010 Weckworth et al. , 2011 . The Alexander Archipelago wolves were considered for protection under the USA Endangered Species Act (ESA) due to humanmediated habitat alteration that resulted in a 60% decline in the population over 1 year (Toppenberg et al. 2015) . Although this wolf population was ultimately not listed, it is still impacted by legal and illegal hunting and deserves special consideration as a unique ecotype not found outside this area (Muñoz Fuentes et al. 2009; Schweizer et al. 2016a, b) . Furthermore, admixture is likely recent and therefore not yet in equilibrium, thus warranting protection as the populations stabilize. If Alexander Archipelago wolves attain protected status under ESA, then admixture, if found, should influence how the wolves of the PNW are managed. Protection status should be granted given several conditions: (a) admixture is a result of natural patterns of wolf dispersal; (b) historical genetic connectivity is preserved (Hendricks et al. 2015) ; and (c) adaptive potential is maintained, following the WOL framework (Wayne and Shaffer 2016; vonHoldt et al. 2017) .
We used three complementary approaches to assess the source populations of PNW wolves and their suitability to areas of reintroduction. First, we sequenced a portion of the mtDNA control region in wolves from WA, OR, and surrounding populations to establish maternal lineages. Second, we used SNPs obtained through targeted DNA capture and sequencing to estimate local population structure, ancestry and relatedness among individuals. Third, we assessed habitat preference of re-established wolf packs in the PNW region. To do so, we used ecological niche models (ENMs) based on climate predictors to identify appropriate habitat for the NRM and coastal wolf ecotypes and then mapped centroid locations of existing WA and OR packs (as of 2015) to assess potential genetic barriers associated with environmental differences. Results from these approaches establish the source populations for naturally reestablished wolf populations and better inform the conservation and management of the wolf populations in WA and OR.
Materials and methods

Sample collection
Tissue and/or blood samples from grey wolves were collected in WA by the Washington Department of Fish and Wildlife (WDFW) and in OR by the Oregon Department of Fish and Wildlife (ODFW) during radio collaring efforts of live animals or from carcasses. We analysed 32 samples from OR wolves (collected by ODFW 2009 (collected by ODFW -2013 and 22 samples from WA (collected by WDFW 2008 (collected by WDFW -2012 . Scat or bone and tissue samples from wolf carcasses in coastal BC were collected as a part of a long-term study (Darimont et al. 2008) . Appropriate permits were granted to researchers for sample collection. Additional samples from interior Yellowstone National Park (YNP), ID, MT, BC, AB, and coastal BC and Alaska were selected from a set of samples of grey wolves used in previous studies (vonHoldt et al. 2010 (vonHoldt et al. , 2011 . DNA was extracted from tissue, blood, bone and scat samples using the standard commercial kit protocols (Qiagen DNA QiaAmp minikit and EZNA Stool Kit from Omega Biotek).
Species determination
To confirm the species and subspecies status of samples, a panel of 24 species-diagnostic markers was used to resolve the contributions of ancestry from the grey wolf (C. lupus), domestic dog (C. lupus familiaris) and coyote (C. latrans) and resolve first-and second-generation dog-grey wolf hybrids (vonHoldt et al. 2013) . These markers (20 resolving wolf vs. dog, two resolving dog vs. coyote and two resolving coyote vs. wolf) were identified and confirmed against a panel of 832 dogs, 180 grey wolves and 53 coyotes analysed on the Affymetrix Canine SNP v2. microarray (vonHoldt et al. 2013) . The markers were assayed using a quantitative polymerase chain reaction (qPCR) High-Resolution Melting (HRM) assay and Roche LightCycler 480 instrument (Indianapolis, IN). Two dog, two western coyote and two western Canadian grey wolf samples were used as non-admixed references for allele calls. The qPCR reaction mixes and thermocycler conditions followed vonHoldt et al. (2013) . HRM melt temperatures were analysed using the Roche LightCycler 480 Software v1.5.0.
Mitochondrial haplotype determination
To further confirm the species or subspecies status of samples, eliminate possible coyote/wolf or dog/wolf hybrid individuals and assess the distribution of mtDNA haplotypes, a 318-bp portion of mitochondrial control region (MT-CR) was amplified using two sets of overlapping primer pairs: (i) Thr-L (Vilà et al. 1999 ) and ddl5R (Leonard et al. 2002) ; and (ii) ddl1F and ddl2R following the protocol in Leonard et al. (2002) . Amplified PCR products were sequenced in both directions using BigDye on an ABI3730XL capillary sequencer (Applied Biosystems, Inc). Sequences were visualized and aligned in Geneious 6.0.5 (Biomatters). A local BLAST search (Altschul et al. 1997) was performed on individual consensus sequences against Genbank partial MT-CR haplotypes (n = 75 globally distributed grey wolves; n = 125 coyotes; n = 1 red wolf (C. rufus); n = 30 domestic dogs). Putative assigned haplotype matches were confirmed by BLAST searches against the Genbank reference nucleotide database.
Capture array library preparation
To determine the source populations of individuals from PNW, 96 individuals (coastal BC-8; inland BC-5; MT-23; ID-17; YNP-6; WA-16; OR-21) were sequenced using a custom capture array designed to target sequences from 1040 candidate genes and 5073 1 kb neutral regions from the dog reference genome (CanFam3.1; Schweizer et al. 2016a) . Putatively neutral regions were identified using methods described by Freedman et al. (2014) and for which there exists a precedent in humans (Wall et al. 2008) and wolves (Schweizer et al. 2016a ). First, genic regions from the dog reference genome (CanFam3.1) were identified using annotations from the union of refGene, Ensembl and SeqGene annotation databases. All annotated transcripts had proper start and stop codons and contained no internal stop codons. Second, 1 kb neutral regions were chosen using the following characteristics: (1) minimally 100 kb from any known or predicted genes (based on observed levels of linkage disequilibrium (LD) in wolves (Gray et al. 2009 ); (2) not located within highly repetitive regions of the dog genome; (3) uniquely mapping regions of the genome as computed by TALLYMER (Kurtz et al. 2008) ; (4) phastCons scores <0.5 (Siepel et al. 2005) ; and (5) GC content within two standard deviations of the mean dog genome GC content.
DNA quantity and quality were assessed with the Qubit Fluorometer High Sensitivity Kit and visualization after electrophoresis on a 2% agarose gel, respectively. Samples with at least 600-1000 ng of dsDNA and a molecular weight of >1 kb were sheared to~300-500 bp using a Bioruptor NGS Sonication System (Diagenode). Sequencing libraries for each individual were prepared using a with-bead library preparation protocol (Faircloth et al. 2013 ) that included labelling with a unique 6-bp index (Faircloth and Glenn 2012) . Two individual libraries were pooled and allowed to hybridize to the array for 24 h. Each pool was target-enriched and PCR-amplified according to the MYbaits protocol (MYcroarray), with modifications as in Schweizer et al. (2016a 
Sequence alignment and processing
The Broad Institute GATK v2.6-4 "Best Practices" pipeline (https://software.broadinstitute.org/gatk/best-practices/) was used for sequence alignment and processing. Demultiplexed fastq reads that passed the Illumina filter using fastq_illu-mina_filter 0.1 (http://cancan.cshl.edu/labmembers/gordon/ fastq_illumina_filter/) were trimmed for adapter sequences and a minimum base quality of 20 using trim_galore 0.3.1 (http://bioinformatics.babraham.ac.uk/projects/trim_galore/ ). Aligned forward and reverse reads were mapped to the reference dog genome (CanFam3.1) using bwa aln (seed length of 28) and bwa sampe (insert size of 1000 bp; (Li and Durbin 2009) . Once duplicates were removed using samtools rmdup, a local realignment was completed using GATK 2.6-4 (DePristo et al. 2011). Mate information was fixed with picard tools (http://picard.sourceforge.net). GATK Base Quality Score Recalibration (BQSR) was performed using the -knownSites flag with the final SNP set from Schweizer et al. (2016a) . After adding in 38 samples from coastal BC, coastal AK, AB and YNP that were previously enriched and sequenced using the same protocols (see Supplementary Table S1 ; Schweizer et al. 2016a Schweizer et al. , 2018 , SNPs were called using the GATK Haplotype Genotyper algorithm.
Array variant filtering and final sample set
Variant filtration was completed using ten filter expressions recommended by the GATK "Best Practices" pipeline. Variants with a depth of coverage >10 and minimum genotype quality >30 were kept in the final data set. The VCFtools package (Danecek et al. 2011 ) was used to assess the quality of filtered and aligned reads. Sites called in <95% of individuals were subsequently removed from further analysis. The number of segregating sites and mean coverage per individual was calculated using VCFtools. Data sets were LD-pruned using PLINK (-indep-pairwise 50 5 0.5; Purcell et al. 2007 ). We used the programs KING v1.4 (Manichaikul et al. 2010 ) and PRIMUS v0.5 (Staples et al. 2013) to calculate relatedness and then removed one individual per related pair with a pairwise identity-by-state greater than or equal to 0.5, calculated from the LD-pruned data set. We used four data sets for subsequent analyses: (1) all individuals, all loci; (2) all individuals, putatively neutral loci; (3) unrelated individuals, all loci; and (4) unrelated individuals, putatively neutral loci.
Population structure, individual assignment and gene flow estimates To verify genetic differentiation between ecotypes, we used VCFtools to calculate Weir and Cockerham's (1984) θ, an estimator of F ST (Wright 1951) . To genetically assign and determine ancestry of WA and OR wolves to YNP, ID, MT, AB, interior BC or coastal BC populations, we applied two clustering methods to both SNP data sets with unrelated individuals. First, principal component analysis (PCA) was performed using SMARTPCA within EIGENSTRAT v3.0 (Price et al. 2006) . Second, using the default settings, we applied the program ADMIXTURE (Alexander et al. 2009 ) to partition and classify individuals into K = 1 through K = 10 clusters. Inbreeding coefficients (F IS ) were also calculated using VCFtools.
We used two methods to identify potential related individuals across state boundaries and estimate levels of gene flow. We used the data set with all individuals and putatively neutral, LD-pruned loci. First, pairwise relatedness values >0.1 were used to identify individuals that may have shared ancestry with individuals from other geographic locations sampled in this study. Second, we used the program BayesAss v3.0.4 (Wilson and Rannala 2003) , which is a Bayesian assignment test that estimates individual ancestry. The program was run for 10 million Markov chain Monte Carlo (MCMC) iterations with the first 1 million iteration discarded as burnin and sampling every 100 iterations. Adjusted mixing parameters for migration rate (m = 0.2), allele frequency (a = 0.5) and inbreeding coefficients (f = 0.002) were used to optimize the acceptance rate.
Ecological niche modelling
Preparation of ecotype occurrence data
Given the genetic differentiation between ecotypes and adaptive distinction of the coastal wolves (Muñoz Fuentes et al. 2009; Schweizer et al. 2016a, b) , we predicted the optimal environmental niches of the coastal and NRM forest ecotypes to assess whether environmental differences occur within the PNW region and whether habitat differences between coastal and NRM forest act as barriers to gene flow for the re-established packs in WA and OR. Non-duplicate localities for coastal wolves (coastal BC and southeast Alaska; n = 20) and NRM forest wolves (interior BC, AB, MT, WY, ID; n = 119) were compiled using data from the Global Biodiversity Information Facility portal (www.gbif. org) and voucher museum specimens (Supplementary Figures S7 & S8) . These localities do not include occurrence points of individuals sampled for DNA. When exact geographic coordinates for a specimen were not available, we used the provided location name to estimate the georeference for the individual. Localities for which georeferencing could not be defined more precisely than the level of county or similar administrative unit were excluded.
Preparation of environmental data
Bioclimatic variables from WorldClim v1.4 (Hijmans et al. 2005) were selected according to their roles in determining the physiological limits of species (e.g., variation in annual means, extremes and seasonality of temperature and precipitation). These bioclimatic variables (n = 19) are at a 1 km resolution and metrics are derived from monthly interpolated temperature and rainfall climatologies spanning the years 1950 to 2000 (Hijmans et al. 2005) . For each wolf ecotype, clusters of highly correlated variables were identified and removed to trim variables that were not contributing to the model (Harrigan et al. 2014) . The nine variables used in both models were: annual mean temperature, annual precipitation, precipitation seasonality, precipitation of the warmest quarter, precipitation of the coldest quarter, mean diurnal range, temperature seasonality, maximum temperature of the warmest quarter, and maximum temperature of the coldest quarter. Elevation (SRTM) was also used in both models. Current vegetation data were not included in this analysis because vegetation patterns are more intensively influenced by anthropogenic activities (e.g. deforestation, land cover conversion, urban development and road network intensification) and therefore could change quickly. Additionally, because samples spanned multiple years, accurate vegetation data could not be obtained.
MaxEnt modelling
We ran MaxEnt v3.3.3k (Phillips et al. 2006) , which uses a probabilistic framework, to model the environmental niches from occurrence data (described above). Its main assumption is that the incomplete empirical probability distribution (which is based on the species occurrences) can be approximated by a probability distribution of maximum entropy (the MaxEnt distribution) subject to certain environmental constraints and that this distribution approximates a taxon's potential geographic distribution (Phillips et al. 2006) . The use of MaxEnt is advantageous in the study of endangered taxa, for which locality data may be sparse, as it performs well with only a small number of point localities (Jordan and Ng 2002; Hernandez et al. 2006; Wisz et al. 2008) . Unlike many other algorithms, it requires only presence data to assign spatially explicit probabilities of occurrence (Phillips et al. 2006) and it consistently ranks high in inter-model comparisons (Elith et al. 2006; DinizFilho et al. 2009; Harrigan et al. 2014 ). Further, several recent studies have shown that MaxEnt performs successfully in modelling the distribution of motile species (Rodríguez Soto et al. 2011; Lv et al. 2011; Blair et al. 2013) .
In this study, we used the MaxEnt default settings of convergence threshold (10 −5 ) and 100 cross-validated replicates. This cross-validation replicate process involved the random splitting of occurrence data into a number of equal-sized groups, known as "folds", where models were created leaving out one fold for each run. For each replicate, the excluded fold is used to evaluate the model (Phillips et al. 2006 ). The study area over which the potential distribution is computed, and from which the MaxEnt algorithm samples "background" points to train the model, are substantially larger than the known ranges of the ecotypes. We verified that modelling results were insensitive to the choice of study area size by building models with progressively larger study areas, increased at an increment of 5°latitude and longitude (data not shown). Regularization attempts to balance model fit and complexity, with the default setting multiplying each automatic regularization parameter by 1. Additional multiplication of these parameters tends to smooth (make the model more generalized) at the expense of model fit (Elith et al. 2011) . For comparisons of models, we chose to leave regularization parameters the same across all runs (r = 1), particularly because default settings represent a conservative approach to estimating species distributions based on occurrences. Using ENMeval (Muscarella et al. 2014) , we tested for the effects of spatial autocorrelation and model complexity by running each ecotype occurrence data set through several different partitions as recommended by the authors. MaxEnt produces a continuous prediction with values ranging from 0 to 1 (in units of probability of occurrence) indicating least suitable to most suitable conditions for the taxa under consideration (Phillips et al. 2006) . To convert this continuous output into a binary prediction that approximates the potential distribution, we used a probability threshold equivalent to the minimum predicted probability of occurrence at actual occurrence localities used to train the model (Phillips et al. 2006) .
Testing model performance
Model performance was evaluated by the area under the curve (AUC), which is often used to measure model performance (Rödder et al. 2009; Harrigan et al. 2010; Fourcade et al. 2014; Sesink Clee et al. 2015) . AUC values were calculated by comparing model performance to a random model of associations between presence localities and environmental predicting factors (DeLong et al. 1988) . AUC values range from 0.5 to 1.0; with values close to 0.5 corresponding to a model that is no better at predicting an ecological niche than a random model and a value of 1.0 corresponding to a model with a perfect fit.
Probability of occurrence
As of 2015, 31 wolf packs inhabited the PNW states of WA (n = 18) and OR (n = 13). The centroid location of each pack was used as the proxy for area used by each pack. The resulting ENMs were used to calculate the probability of each PNW wolf pack's occurrence in coastal or interior environments.
Results
Species determination and mitochondrial haplotype determination
Genotypes from the panel of 24 species-diagnostic markers identified all modern samples as pure grey wolf, with no evidence of recent dog or coyote ancestry. Therefore, we sequenced 139 wolf samples for a 318 bp fragment of the mitochondrial control region to determine haplotype distributions (Fig. 1, Supplementary Table S1 and S2). Relative to other North American populations, the diversity of maternal lineages in PNW wolves was slightly lower than average (H = 4; Fig. 1 & Supplementary Table  S2 , average in NA = 4.5; Table 5 in Chambers et al. 2012 ). We have not included the Great Lakes or eastern Ontario populations in calculations due to taxonomical conflicts and admixture events with coyotes. Interestingly, two WA individuals had haplotype lu68 ( Fig. 1 and Supplementary Tables S1 and S2), which is otherwise known only from populations in coastal BC (current study: N = 4 of 29; Fig. 1 and Supplementary Tables S1 and S2) and previous studies (Muñoz Fuentes et al. 2009 Fuentes et al. , 2010 Weckworth et al. 2010) . Consequently, the mitochondrial haplotype analysis confirms our diagnosis that the samples are of grey wolf ancestry and suggests some gene flow from the coastal ecotype (coastal BC and southeast AK) to the population in WA with the principal influence from NRM wolves.
Capture array sequences
We obtained high-quality sequence reads with a perindividual average unfiltered yield of 2254.62 ± 954.12 Mb, 92.92 ± 3.74% raw reads passing Illumina filters and a mean quality of 36.90 ± 1.84. After processing and removing lowquality reads, 80 ± 16.3% of raw reads mapped uniquely to the dog reference genome (i.e. after PCR duplicate removal). After genotyping, quality filtering and removing low coverage (<10×) individuals (n = 9), the mean depth of coverage over all regions on the capture array was 89.79 ± 35.13 (Supplementary Figure S1 ), with a mean depth of coverage over neutral regions of 137.95 ± 52.33 (Supplementary Figure S1) . Mean depth of coverage for scat samples from coastal BC over all regions was 22.37 ± 26.94 and ranged from 0.99 to 59.89 (Supplementary Figure S2) , with a mean neutral depth of coverage of 34.23 ± 40.87 that ranged from 1.52 to 92.64 (Supplementary Figure S2) . We excluded data from half (n = 3) of our original faecal samples due to low coverage (<10×) that may be a result of complications with DNA extraction and library preparation (see Discussion in Supplementary File 1).
After filtering genotypes, we separated data into two sets consisting of all variant loci (92,296 SNPs) and variant loci within neutral regions (41,735 SNPs). The transition to transversion ratio for all regions was 2.31 and for neutral regions was 2.23, which is similar to previously reported values in wolves (Freedman et al. 2014; Zhang et al. 2014; Schweizer et al. 2016a ). After LD-pruning, there were 35,406 variable positions, of which 18,508 were within neutral regions. After removal of one individual per related pair (parent-offspring or full siblings; N = 43 individuals), the remaining set of 83 individuals included 9 ID, 13 MT, 28 YNP, 7 AB, 9 coastal BC, 4 interior BC, 5 WA and 8 OR wolves.
Population structure, individual assignment and gene flow estimates
We calculated pairwise F ST between population pairs to verify that that there is differentiation between ecotypes using our data set. Mean among-population pairwise F ST of the 18,508 LD-pruned neutral SNPs was moderate. The coastal wolves were the most differentiated by this measurement with pairwise F ST values ranging from 0.104 between coastal and WA to 0.170 between coastal and MT populations ( Table S3) .
To assess the genetic partitions based on SNP data, we used complementary analyses of genetic clustering patterns. Plots of the first two components from PCA show several distinct clusters that correspond with sampling location (Fig. 2) . On both PC1 and PC2, the individuals of the coastal BC and AK population cluster distinctly, with no other samples occurring within the 95% confidence interval (CI) (Fig. 2) . The NRM populations (BC, AB, ID, YNP, MT and OR) are more continuous in PC space with less distinct clustering than the coastal population. The OR samples cluster together and are spatially between the YNP and MT clusters. MT individuals form a 95% CI cluster that includes one known migrant from ID (vonHoldt et al. 2010) , one individual from interior BC and most of the WA individuals. Three WA individuals fall intermediate to the coastal population and the NRM populations. PCA results were similar between all loci and neutral loci for both data sets (all 126 and 83 unrelated individuals; Fig. 2 ; Supplementary Figure S3 ). Table S1 and Table S2) Our second approach to assess genetic clustering used ADMIXTURE, which showed the best-supported number of clusters equal to 3 as evident by the lowest crossvalidation error rate (Fig. 3, Supplementary Figures S4,  S5 ). These three clusters represent the naturally reestablished MT population, the reintroduced YNP and ID population and the coastal population (Supplementary Figure S5) . However, the AB individuals form an additional, biologically relevant cluster at K = 4 (Supplementary Table S4 ). Therefore, we present assignment proportions from the results of K = 4. Two WA individuals have high assignment (>49%) to the AB cluster, with signatures of ancestry to the coastal population. The other three WA individuals assign to the MT cluster (>90%). All OR individuals have ancestry from NRM populations. Of the four YNP individuals that strongly assign to the AB cluster, three are founders (assign to the AB cluster with >67% ancestry) and were reintroduced from northern AB and BC populations (vonHoldt et al. 2010) . Four ID individuals assign to the AB cluster (>50%), three of which are founders and assign to the AB cluster with >88.5% ancestry. Given our data set included samples spanning multiple time points occurring during wolf introduction, we wanted to test for temporal effects on the number of genetic clusters. ADMIXTURE analysis was re-run under the same parameters after removing known, unrelated founders from YNP (n = 3) and ID (n = 3). The same four clusters are observed after removing the founders (Fig. 3) , which indicates that there is little detectable temporal effect on allele frequencies per population. The cross-validation error values for ADMIXTURE runs of unrelated individuals for all data or only neutral data indicate an optimal K = 3, as described above (Supplementary Figure S4) . When the coastal Figure S6 ), K = 2 had the lowest CV error for both sequence data sets. This result further suggests that the coastal ecotype is a valid cluster.
To identify individuals that might be related across state boundaries, we filtered the pairwise relatedness data to include pairs related above 0.1 and from different populations (Supplementary Table S5 ). Individuals from AB and coastal populations (including coastal BC and AK wolves) did not have pairs from differing populations with relatedness values above 0.1. All other populations were included in this filtered subset. At the relatedness level of~0.5 (full sibling or parent-offspring), one WA individual (WA010817_WA) was related to three OR individuals (OR11_OR, OR16_OR, OR10_OR). Individuals from MT, ID and YNP were found to have levels of relatedness from 0.1 to 0.5. This finding supports previous work highlighting gene flow among wolf populations of the Northern Rocky Mountains (vonHoldt et al. 2010) . Interestingly, one OR wolf (OR1_OR) has relatedness of 0.13 and 0.17 with two YNP founders (033F and 040F, respectively). These two YNP founders are themselves unrelated and from different packs, but owing to limited sampling of additional related YNP wolves, the exact ancestry of OR1_OR cannot be determined.
Results for the Bayesian estimation for non-symmetrical rates of gene flow found the proportion of individuals per generation originating from within each identified cluster varied from 82.19 to 92.36%, with the highest value found in the MT cluster (Supplementary Table S6 Table S6 ). MT contributes 6.22%, 6.67% and 5.50% migrants to OR, WA and BC/AB clusters, respectively. OR received 7.13% migrants from the YNP/ID (reintroduced) cluster. WA received 5.02% migrants from the coastal cluster. There is little migration among other clusters (<2% of the population migrating per generation; Supplementary Table S6 ).
Ecological niche modelling
Aggregate ENMs were produced by averaging values from 100 replicate iterations of the data for the coastal and NRM forest wolf ecotypes niche models (Supplementary Figures  S7-S8, respectively) . Training and test AUC values for both models were as high as 0.99 (model AUCs ranged from 0.75 to 0.99, depending on partition scheme used, see Supplementary Figures S9, S10 ), which suggests that the models were highly informative and describe climatically suitable areas that correspond well with the environmental conditions of localities with known ecotypes. The composite model revealed complete optimal environmental niche divergence for each of these ecotypes with very little geographic overlap between ecotypes and concordance in model probability of occurrence regardless of data partitioning scheme (Fig. 4, Figures S9 and S10) . Suitable habitat analysis would additionally consider prey and human population densities, percentage of forest cover and Fig. 3 Population assignment at K = 2 to K = 5 for 75 unrelated individuals (after removing founder individuals from YNP and ID), as determined by running admixture on a set of 18,508 LD-pruned SNPs within neutral regions. The lowest cross-validation error rate occurred at K = 3, which shows the naturally re-established MT population, the reintroduced YNP and ID population and the coastal population. Higher values of K are also biologically meaningful and therefore shown forest composition, as well as interference from roads and urbanized land cover, which is out of the scope of the current study.
Using centroid pack locations and the aggregate ENMs, the likelihood that a pack occurs in the coastal environment or the interior environment was calculated (referred to as probability of presence throughout; see Elith et al. 2011) . Of the 18 WA wolf packs, 17 packs have a greater probability of presence in interior environment than in coastal environment indicating more association of wolves with the interior environment based on our models (Supplementary  Table S7 ; Fig. 4) . However, the Teanaway pack, the most western pack currently in WA, has a greater probability of presence in the coastal habitat than the interior habitat (Fig.  4) . No DNA samples were obtained from the Teanaway Pack and we do not currently know the genetic ancestry of this pack. The Lookout pack in WA was on the boundary of interior and coastal habitat and contained a wolf with mtDNA evidence for ancestry to the coastal population and admixed nuclear ancestry of 45% AB and 49% coastal wolf (Sample: RKW4318; Supplementary Table S4 ). The Wedge pack has a greater probability of presence in the interior habitat (Fig. 4 ), yet contained an individual (Sample: WAWedge8) with coastal mtDNA ancestry and admixed nuclear ancestry of 53% AB, 35% coastal and 11% MT (Supplementary Table S4 ). Of the 13 OR wolf packs, all but one, the Rogue pack, have a higher interior probability of presence than coastal habitat. The Rogue pack has a very low (0.0247-0.0476) probability of presence in both habitats with a slightly higher probability of presence in coastal habitat (Fig. 4) . Data from GPS-radio collar tracking devise indicate that this pack was established from a male disperser from the Imnaha pack (NE Oregon) and mated with a female likely from the Snake River or Minam packs (NE Oregon). Unfortunately, we were not able to obtain DNA samples for genetic ancestry analysis of any individuals from the Rogue pack. 
Discussion
Our results confirm prior work on population structuring of wolves in western North America (Carmichael et al. 2007; vonHoldt et al. 2010 vonHoldt et al. , 2011 Schweizer et al. 2016b ) and identify the first case of admixture between coastal and NRM wolves in the contiguous US. Wolves from Alaska cluster closely with those from coastal BC (Figs. 2 and 3) , which supports previous findings (Weckworth et al. 2005 (Weckworth et al. , 2010 (Weckworth et al. , 2011 Stronen et al. 2014; Weckworth et al. 2015; Schweizer et al. 2016b ; but see Cronin et al. 2014) . Our detection of limited differentiation among NRM populations reflects similar findings in vonHoldt et al. (2010) . Although to a lesser extent than the coastal/NRM genetic partition, the MT population is distinguishable from the reintroduced populations in ID and YNP and from interior BC and AB. Consequently, the principal genetic partition in the PNW region derives from the coastal and NRM populations.
We assessed the genetic relationships of naturally reestablished wolves in WA and OR to potential source populations. Once wolf ancestry was verified using species diagnostic markers, we used evidence from maternal and nuclear markers to identify the source populations' contributions to the current PNW wolf gene pool. Based on our analyses, the founding WA and OR wolves are migrants from a naturally re-established population in MT, from reintroduced populations in ID and YNP, and for the WA wolves only, from the genetically continuous population in coastal BC and southeast AK (Weckworth et al. 2005; Muñoz Fuentes et al. 2009; Weckworth et al. 2011; Schweizer et al. 2016a, b) . Wolves from these source populations may have subsequently admixed within the PNW. An alternative scenario is that founding WA wolves were individuals from previous admixture events of coastal BC and NRM wolves (ID, YNP, MT) that migrated into the state. We find that OR individuals are of NRM ancestry only and find evidence for migrants derived from the YNP/ ID cluster in OR. WA individuals have more complex ancestry with some individuals of MT ancestry only and several other individuals with admixed ancestry. These patterns are evident from population assignments within ADMIXTURE and from the presence of several mitochondrial lineages including the lu68 haplotype (Fig. 1 , Supplementary Table S1 & S2), which is otherwise known only to exist in coastal wolves. The presence of this haplotype indicates that these individuals are direct migrants either from the coastal population or are offspring of a female wolf with coastal ancestry that dispersed into WA. Migration rates from coastal ecotype into the WA population were estimated to be high as 5% as suggested by results from the BayesAss analysis. However, given that the PCA and ADMIXTURE analyses find mixed nuclear ancestry for these individuals with traces of coastal and NRM wolf ancestry (Figs. 2 and 3, and Supplementary Table S4) , it is unlikely they are direct migrants from the coastal population. Limited sampling and high relatedness among some individuals may have reduced our ability to detect migrants and therefore could have led to an underestimate of gene flow occurring between these adjacent populations. Despite these limitations, this study reports the first cases of admixture between coastal and NRM wolves in the contiguous US and illustrates the complex dynamics of admixed populations of conservation concern.
The PNW likely represents an admixture zone between distinct ecotypes for several reasons. First, niche modelling of NRM and coastal wolf distributions indicates that the PNW is an intermediate landscape with environments suitable for both ecotypes in the states of WA and OR (Fig. 4) . These results confirm previous findings that the coastal wolf may have extended to southwestern OR or northern California, as supported by the presence of haplotype lu68 as far south as southern OR (Hendricks et al. 2015) . Further, as proposed by Young and Goldman (1944) , the distribution of C. l. fuscus (the coastal subspecies) extends into these states. Second, wolf packs might create territories in areas that were deemed less suitable environment by the models for both the coastal and NRM populations. Admixed individuals might be well suited to establish in these areas as evident by the Lookout pack in WA. Third, previous research suggests that admixture of wolf subspecies and/or ecotypes can take place over large geographic areas (Schweizer et al. 2016b) . Our analyses support this idea, as individuals with coastal ancestry can occupy interior habitat as well as coastal habitat. Fourth, there was a previous absence of wolves in the PNW and there are multiple sources of immigrants in nearby areas. Consequently, admixture between ecotypes in the PNW, as opposed to admixture outside of the PNW with subsequent migration into the PNW, is likely given the diversity of habitats present in the region and the presence of ecotypes in adjacent populations that can provide migrants.
Implications for conservation
The dynamic ancestry of PNW in the future will depend in part on wolf management in western states and the trajectory of population growth in coastal populations. For example, if extreme levels of legalized hunting are practiced in the western US, where the population can be reduced to as few as 150 wolves in each of three western source states (MT, ID, WY; Wayne and Hedrick 2011) and the coastal BC population size remains constant through ongoing protection of the Great Bear Rainforest (BC; Thomson 2016) , then the PNW population may continuously receive dispersers with coastal ancestry. On the other hand, if coastal wolves (especially those in the high human impact areas of BC's south coast and Alaska's Alexander Archipelago) decline in the future, WA wolves may become a southern refugium that helps safeguard the diversity found in the coastal wolf ecotype.
If genetic influence from the coastal ecotype continues over time, the resulting increase in genetic diversity may allow the population to avoid inbreeding that could lead to the expression of deleterious recessive alleles and cause inbreeding depression as occurred in Scandinavian and Isle Royale wolves (Liberg et al. 2005; Fredrickson et al. 2007; Räikkönen et al. 2009 ). Although thorough research has yet to be completed, the wolves of the PNW do not show evidence of high levels of inbreeding (here, meaning loss of diversity from a population as measured with the F IS inbreeding coefficient; Supplementary Table S3) or presumed inbreeding depression. Several studies have shown that canids are capable of avoiding mating with close relatives and pack members (Smith et al. 1997a; vonHoldt et al. 2008 ) through several behavioural mechanisms including absolute avoidance of breeding with related pack members, male-biased dispersal to packs where they breed with nonrelatives and female-biased subordinate breeding. Immigration from other populations will increase the pool of unrelated individuals that can occupy breeding positions or territories. Further, the possible presence of reproductively successful migrants in WA may have influenced genetic diversity. Therefore, the close demographic and genetic monitoring of the population should continue to assess potential inbreeding and inbreeding depression in the PNW populations. Additionally, future projections of the population at carrying capacity should be conducted to determine whether significant inbreeding depression will occur if connectivity and migratory exchange with other populations were to cease (e.g. vonHoldt et al. 2008) .
In addition to human-caused mortality, climate change has the potential to negatively affect wolf dynamics and genetic diversity. Theoretical projections suggest that burn areas in WA may increase dramatically (Littell et al. 2010) , likely resulting in temporary displacement of prey and, as a result, wolf packs. Further, shifting and reduced habitat of ungulates due to climate change will likely affect the movement of wolves under these scenarios. Although this habitat change may not affect wolf density, it has been shown that disruptions such as human harvest do affect wolf social structure leading to an increase in adoption of unrelated individuals into packs (Rutledge et al. 2010) .
Wolf protection and management has led to top-down effects on ecosystem health and function (Berger et al. 2008; Ripple et al. 2015) . For example, in YNP, the reintroduction of wolves enhanced restoration of riparian areas, species biodiversity and community complexity (Ripple et al. 2015) . Further, wolves often provide other ecosystem and human services such as regulating prey abundance, creating carrion for other species and increasing ecotourism that benefits local economies (Smith et al. 2003; Licht et al. 2010; Ripple et al. 2015; Hendricks et al. 2017 ).
Complexities of admixture in conservation
Although wolf-coyote hybridization is not common in western North America, introgression of these two species has been found to occur in the American south and Great Lakes area when wolf densities are low and finding a conspecific mate may be difficult (Wayne and Jenks 1991; Lehman et al. 1991; Roy et al. 1994; Koblmüller et al. 2009; vonHoldt et al. 2011 vonHoldt et al. , 2016 . Given the presence of coyotes in the PNW, individual dispersing wolves or low-density wolf populations, such as those found in western WA, may provide opportunity for coyote-wolf hybridization (see vonHoldt et al. 2011) . Even if the coastal ecotype were to become legally protected, wolf-coyote hybrids would not receive protection status due to human influence causing low wolf density resulting in hybridization. Keeping high wolf density and intact pack structure may guard against this possibility and the possibility of wolf-dog hybridization.
While coastal wolf-coyote hybrids would not qualify for protection, coastal wolf-NRM wolf admixed individuals would qualify for protection according to the decision tree criteria presented by Wayne and Shaffer (2016) . First, the admixture has resulted between two native populations resulting from natural patterns of wolf dispersal. Second, these admixed individuals are likely ecological surrogates for the coastal wolves and provide similar community interactions and ecosystem functionality. Third, healthy coastal habitats may enhance the proportion of alleles unique to coastal wolves and decrease the fraction of genomic contribution from the NRM (non-endangered) wolf (Wayne and Shaffer 2016) . Given their unique evolutionary heritage and adaptations, packs with a dominant coastal ancestry should be considered a priority for conservation.
By providing additional genetic influx to the PNW population, the coastal BC wolf population may enhance adaptation to coastal habitats and enable persistence of wolf populations along the coastal areas. For example, wolves of the coastal ecotype are smaller and focus on salmon and deer as prey rather than larger prey such as elk in NRM populations. They have a unique hunting behaviour for this prey base, including selective eating of salmon parts to avoid parasites and swimming as a means of expanding the deer prey base (Darimont and Paquet 2002; Darimont et al. 2003; Paquet et al. 2006) . Currently, there are no established packs within the more coastal areas of the PNW (Fig.  4) . Further, allowing for admixture among ecotypes in regions of intermediate habitat may facilitate the process of adaptation and improve the genetic base for selection to act upon (e.g., Hailer and Leonard 2008) . As a result, gene flow between coastal BC wolves and NRM populations, such as WA, could potentially help preserve adaptations of the coastal ecotype in an appropriate habitat, enhance the possibility for wolf persistence in coastal habitats of the PNW and enable the evolutionary process of adaptation in intermediate and disturbed habitats. Consequently, we recommend efforts that maintain gene flow and coastal wolf density such as improving and maintaining corridors of immigration and preserving suitable coastal habitat.
Here we provide an example of how managers can use genomic resources to identify ancestry of re-colonized individuals and potential migrants from distinct genetic lineages. Genome-wide analyses are now allowing us to detect signatures of hybridization at a finer scale such as various classes of hybridization such as wolf-dog/ wolf-coyote or ecotype-ecotype hybridization, thus advancing our understanding of introgression and divergence. Further, genomic resources (such as the sequence capture methods used here) can be used to inform management decisions as to the most appropriate conservation strategy for a given species (e.g. the distribution of individuals with diagnostic ecotype profiles and their relationship to current and projected habitats). Beyond this study, genomic approaches could be used to identify adaptive potential and further our understanding of preservation of diversity under future climate scenarios (Shafer et al. 2015; Hoffmann et al. 2017 ).
Policy and management conclusions
Using a multidimensional approach (i.e., combining genomic and ENM analyses to assess admixture during natural recolonization and the resulting distribution of genetic variation) may offer conservation biologists a methodological approach to discern ecotype admixture zones. These zones, which are often characterized by environmental gradients, provide selective pressure that can contribute to evolutionary change. While in many cases the evolutionary legacy of isolated populations should be preserved, admixture between onceextirpated taxa that has resulted in distinct adaptations should also be considered for protection. Legal protection and conservation guidelines differ depending on the governing body, but many assessments of endangered species policies have recognized the importance of extending some protection to admixed and hybrid populations (Jackiw et al. 2015; vonHoldt et al. 2017 ). This study, as well as several others (e.g., Weeks et al. 2016; Love Stowell et al. 2017; Frankham et al. 2017) , challenges the historical view that admixture and hybridization threaten biodiversity. As advocated by vonHoldt et al. (2017) and Wayne and Shaffer (2016) , case-bycase protection should be considered when colonization is a natural process within the integrated WOL framework and when admixed individuals represent effective ecological surrogates that might eventually restore endangered entities to their historical distribution.
Summary
Here we assess admixture during natural re-colonization and the resulting distribution of genetic variation based on mitochondrial haplotypes and 18,508 neutral nuclear SNPs. We utilize niche modelling to define ecotype boundaries and find little correspondence with genetic partitions that may reflect recent colonization from multiple sources. The PNW population is admixed, with coastal influences apparent in WA wolves. This admixture is desirable to enhance adaptation to coastal environments and, in general, enable the evolutionary process for adaptation. Admixed individuals may receive special protection if conditions are such that the historical genetic composition of coastal wolves might be restored and if the hybrids are ecological surrogates providing similar ecosystem functionality and community interactions as the endangered taxon (in this case Alexander Archipelago wolves; see arguments in Wayne and Shaffer (2016) ). Determining ecological surrogates may be possible through inferred patterns of selection across the genome, observational studies and/or reciprocal transplant experiments. Further research is needed to establish accurate migration rates and model the potential effects of changing predator/prey dynamics and climate on wolf populations. However, efforts to enhance the density and distribution of coastal wolves in the PNW should be considered as a hedge against population decline in coastal Alaskan or southcoast BC wolves. This effort will aid in the preservation of adaptations for the coastal environment and decrease the likelihood of hybridization with coyotes. To preserve this southern genetic refugium for coastal BC wolves, restore ecological processes and permit contemporary evolution, natural expansion and protection of the coastal wolves in the contiguous US should be an emphasis of wolf management in the PNW.
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